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1 The Large Hadron Collider
The Large Hadron Collider (LHC) provides high-energy protons for collisions and the sub-
sequent fragments are measured in detectors which are situated along the LHC ring. LHC
is at the moment the largest and most powerful accelerator in the world.
The concept of this proton-proton collider was proposed in s. More than years
later in September the LHC was ready to start its hunt for new physics phenomena.
Shortly after putting into service a serious problem with one of the superconducting mag-
nets occurred. This accident led to a disruption of a ine-tuned vacuum system and caused
damage to a signi icant part of the machine. After the repairs, the second LHC commission-
ing took place in November .
LHC is only the last and the biggest part of the chain of accelerators which are depicted in
the igure . The hydrogen atoms are used as a source of protons. Protons are accelerated
in the Linac (linear accelerator) to the energy of MeV. Then they are injected into The
Proton Synchrotron Booster which accelerates them up to . GeV.
The nominal center-of-mass energy at the LHC is √𝑠 = 14 TeV. The beam of particles
is not continuous, it is separated into bunches in each beam. Every bunch contains
approximately . × protons and the LHC is designed for ns bunch separation in
the ring.
Such collider can be used not only to maintain, accelerate and collide protons, but also
heavy ions. This possibility was part of the conceptual design from the early stages of the
whole project. One month of every LHC operational year is dedicated to collisions of fully
stripped lead ions ( Pb ). The aim of nucleon-nucleon collisions studies is to reveal
the physical behaviour of strongly interacting matter at extreme energy densities where
the formation of a new phase of matter, the quark–gluon plasma, is expected. The mea-
surements of quark-gluon plasma are very important for understanding of some topics con-
nected to Quantum Chromodynamics like con inement or chiral-symmetry restoration. The
ALICE (A Large Ion Collider Experiment) detector is primarily dedicated to this task.
The use of proton-proton beams was favoured for two main reasons: The irst is that in a
curved magnetic ield charged particles are losing energy due to the synchrotron radiation





𝑚 𝑐 , ( )
where 𝐸 is the proton energy, 𝑒 stands for the electron charge, 𝑐 for the speed of light, 𝜖
for vacuum permittivity,𝑚 for the particle mass and 𝜌 for the the bending radius. Now it is
obvious that the energy losses depends on the mass of the accelerated particle, the smaller
Figure : The complex of accelerators and the LHC with four main experiments [AccComp].
the mass, the higher is the radiation. It implies that electrons can be accelerated to a limited
energy at circular colliders.
It would be also easier to make proton-anti-proton collider. In this case only one sys-
tem of magnets and beam pipes is needed. However it is not trivial to make high-intense
anti-proton beams. Finally, a decision was made to develop a composite design of super-
conducting magnets to deploy two separate beam pipes.
Here should be noted that the proton bunches also produce synchrotron radiation at in-
creasing amplitude and frequency as they are accelerated in vacuum. Protons produce pho-
toelectrons which in turn propagate secondary electrons from the pipe walls with increas-
ing frequency and density up to × . Each proton loses this way ∼ . keV per turn.
There are several quantities frequently used in high-energy physics and are important for
proper understanding of this thesis. The irst is called total integrated luminosity ℒ which
express number of collisions which produce the particular processN that are delivered into
detector divided by cross section 𝜎 of the process
Figure : Plan of the physics analysis at LHC [PhysOut].
ℒ = 𝜎𝑁 . ( )
In the igure , can be found a general plan for the physics analysis at LHC as it will proceed
with increasing luminosity.
The total recorded luminosity in run of ATLAS detector was . b [Lum]. The
following values are closely connected to the coordinate system of ATLAS. The ATLAS col-
laboration is using standard right-handed coordinate system. The x-axis is pointing towards
the center of the LHC ring. The y-axis is pointing up to the surface and it slightly differs from
vertical axis. Then the z-axis copies the beam direction.
The pseudorapidity 𝜂 of particle from primary vertex is de ined as
𝜂 = − ln tan 𝜃2 , ( )
where 𝜃 is angle measured from positive 𝑧-axis in 𝑧𝑥 plane.
Pseudorapidity is close to the rapidity 𝑦 but rapidity additionally depends on the energy
𝐸 of the particle and for the needs of the particle physics it is relative to the beam axis 𝑧
𝑦 = 12 ln
𝐸 + 𝑝 𝑐
𝐸 − 𝑝 𝑐 , ( )
where 𝑝 denotes longitudinal component of momentum along the 𝑧-axis. The rapidity de-
ined this way express rapidity of the boost along the beam axis which takes an observer
from the lab frame to a frame in which the particle moves only perpendicularly to the beam.
To measure the angular distance between two objects, one object with coordinates (𝜂 , 𝜙 )
and the other with (𝜂 , 𝜙 ), is used so called angular distance 𝛥𝑅
𝛥𝑅 = (𝜙 − 𝜙 ) + (𝜂 − 𝜂 ) . ( )
The transverse momentum 𝑝 is the component of momentum in the transverse plane 𝑥𝑦
𝑝 = 𝑝 sin 𝜃. ( )
In the following text the mass will be denoted for short keV, MeV GeV, etc. instead of
KeV/c , MeV/ , GeV/ , etc.
2 ATLAS experiment
ATLAS (A Toroidal LHC ApparatuS) is one of four main detectors at the LHC. The assembling
of the ATLAS detector started in and it took years to have all the parts put together.
It is a general-purpose detector which was designed to take advantage of the full discovery
potential of the LHC. Data obtained online by the ATLAS are further analysed in order to
search for the Higgs boson, SUSY particles, B–physics studies, etc.
ATLAS consist of four main sub-detectors: the Inner detector measures tracks of charged
particles, the Electromagnetic and Hadronic Calorimeters obtain information about parti-
cles energy and the Muon Spectrometer measures properties of muons – particles that can
penetrate matter easily and are not absorbed in the calorimeters. I described in details the
components and parameters of the ATLAS in my bachelor thesis,Trigger in the ATLAS exper-
iment. In the following chapters, I intend to present short overview of the most important
parts of the ATLAS detector to provide a basic information, relevant to the physics analysis
presented, for an reader that is unfamiliar with this detector. Even more thorough descrip-
tion can be found in [TDR] and [TDR ].
2.1 Inner Detector
The high-precision tracking and vertexing in environment with numerous tracks and pri-
mary vertices is ensured by the Inner Detector. It is the innermost detection system and it
consists of three subdetectors: Pixel Detector, Semiconductor Tracker (SCT) and Transition
Radiation Tracker (TRT).
The Pixel detector contributes at most to accurate measurements of vertices. The SCT de-
termines precisely the particles momenta. The TRT is dedicated to pattern recognition with
its good resolution of large number of close hits and it also contributes to the recognition
of electrons.
Pixel Detector
The Pixel Detector is the innermost part of the Inner detector. In general the Pixel detector
consist of three cylindrical layers that form barrel part and three disks in the forward and
backward region called endcaps. The irst and very special layer which is situated only≈ 5
cm from the beam is called the B-layer. Altogether it contains pixel modules which
function is to register charged particles. One pixel module is approximately cm long and
cm wide. Hence the system provides three precision measurements in depth over the

















Figure : Structure of the Inner detector [Inner].
tracks can be gathered. The precise tracking allowes to achieve very good impact parame-
ter resolution and it helps of to ind short lived particles such as B-Hadrons. All important
parameters of the Pixel Detector are listed in table .
Semiconductor Tracker
The SCT has very similar purpose as the Pixel Detector, it differs only in the technology of
silicon strips that are used to record particle tracks. Every SCT layer has two active sides
and the whole subdetector has strip layers.The strength of SCT lies in very precise mea-
surement of hits in the 𝜙 direction but for a price of worse precision in measurements of
𝑧-coordinate that is parallel with LHC beam. The measurement of 𝑧-coordinate is possible
because of the shift in position between two strips that lies upon each other. This means
that every passing particle leaves four hits in the SCT. For important parameters of Semi-
conductor Tracker see table .
System Size of basic unit Resolution 𝜂 coverage
Pixel × 𝜇m 𝜎 = 𝜇m ± .
𝜎 = 𝜇m
𝜎 = 𝜇m
SCT cm × . 𝜇m 𝜎 = 𝜇m ± .
cm × 𝜇m 𝜎 = 𝜇m
TRT d = mm 𝜎 = 𝜇m ± .
cm length
Table : The summary of size, resolution and 𝜂 coveradge of the Inner Detector subdetector.
Transition radiation tracker
The TRT is the outermost part of the Inner Detector. It consist of straw detectors that basi-
cally are xenon- illed tubes with central gold-plated W-Re wire. The diameter of one straw
is about mm and the central wire placed in the center of each of them, has diameter of
𝜇m and the length between to cm. The length varies if it is situated in the end-cap
or the barrel region. The purpose of TRT is to detect photons radiated in passage of high-
energetic particles as they traverse through the detector material. This helps to identify
electrons from pions (or other hadrons) as they produce different numbers of transition
radiation photons. TRT is able to detect in average ≈ hits for every particle which also
helps to to increase robustness and precision of the momentum measurements. For impor-
tant parameters of Transition Radiation Tracker see table .
2.2 Calorimetry
The main purpose of the calorimetry at ATLAS is to provide information on energy of pass-
ing hadrons, photons, electrons and positrons. This cannot be assured by one calorimetric
system, it requires at least two: one for the hadrons – the Hadronic calorimeter and the
other for the rest of the particles – Electromagnetic calorimeter. To obtain the information
about whole particle energy, the particle has to be stopped in the volume of the calorimeter.
Therefore calorimeters have usually very high density to force particles to produce electro-
magnetic or hadronic showers that occur as they pass through and interact with particles
of the absorber material. The ATLAS calorimeters have large pseudorapidity coverage of
|𝜂| < . to capture as much decay products as possible.
Figure : Scheme of calorimetry system at ATLAS [Calorimetry].
Electromagnetic calorimeter
The Electromagnetic liquid-argon calorimeter (LAr calorimeter) in combination with lead
absorber has very high granularity which allows the measurement of electron and photon
transverse energy with high precision.
The kapton electrodes have shape of accordion which in combination with lead absorber
provide it with complete𝜙 symmetry without azimuthal cracks. The most precise measure-
ments are specially demanded in the region of |η| < . , where the EM calorimeter is lon-
gitudinally segmented in three sections in depth. The rest of the calorimeter is segmented
in two sections in depth and has coarser lateral granularity. The total thickness of the EM
calorimeter is over radiation lengths 𝑋 in the barrel and > 𝑋 in the end-caps.
Hadronic calorimeters
Hadronic calorimeter consist of three parts that are illustrated in the igure : the Tile
calorimeter, LAr hadronic end-cap (HEC) calorimeter and LAr forward calorimeter.The Tile
calorimeter (TileCal) is placed just outside the EM calorimeter. Its barrel covers the region
|𝜂| < . , and its two extended barrels cover range . < |𝜂| < . . The Tile calorimeter is a
sampling calorimeter. In such calorimeter, steel is used as absorber material and scintillat-
ing plates read out by wavelength shifting (WLS) ibers as the active medium. It consists of
towers which have size . × . in 𝛥𝜂 and 𝛥𝜙.
The Tile calorimeter has high granularity and it provides also very quick response which
makes it a best suited instrument for trigger. The barrel part is divided azimuthally into
modules and it is segmented in depth in three layers.
The LAr hadronic end-cap (HEC) is situated in the end-caps and instead of lead it uses cop-
per as stopping material and liquid argon as active medium. In every end-cap are two inde-
pendent wheels of HEC. It is located directly behind the end-cap electromagnetic calorime-
ter and they share the same LAr cryostats. To reduce the drop in material density at the
transition between the end-cap and the forward calorimeter (around |𝜂| = . ), the HEC is
extended to |𝜂| = . to overlap with the forward calorimeter. The situation is similar at the
HEC where the 𝜂-range also slightly overlaps with the Tile calorimeter.
TheForward calorimeter (FCal) is made of copper and tungsten. FCal is designed to detect
all particles with large pseudorapidity therefore it is located very close to the beam-pipe.
It sits in the end-cap cryostats which provide bene its in terms of uniformity of the calori-
metric coverage and reduced radiation background levels in the muon spectrometer. This
calorimeter is approximately interaction lengths long, and consists of three parts in each
end-cap: the irst copper module is optimised for electromagnetic measurements, while the
other two tungsten. FCal is designed to measure the energy of hadronic interactions.
Muon Spectrometer
Muons are able to cross the ATLAS inner volume almost undetected because they are the
minimum ionizing particles (MIP). But hey are also important inal products of many inter-
esting particle decays. Therefore at ATLAS, the biggest and outermost part is formed by the
muon spectrometers which measure muons momenta with high precision. Moreover the is
also very important for triggering.
The muon spectrometry is based on the magnetic de lection of muon tracks in the large
superconducting air-core toroid magnets. The barrel toroid provides the bending of incom-
ing muons over the range |𝜂| < . . For . < |𝜂| < . , the muon tracks are bent by two
smaller end-cap magnets inserted into both ends of the barrel toroid. In the transition re-
gion ( . < |𝜂|< . ), magnetic de lection is provided by a combination of barrel and end-cap
ields. This set-up provides a ield which is mostly orthogonal to the muon trajectories and
minimises the resolution worsening due to multiple scattering.
In the barrel region, tracks are measured in chambers that are arranged in three cylin-
drical layers around the beam axis. In the transition and end-cap regions, the chambers are
installed also in three layers in planes perpendicular to the beam. Over most of the 𝜂-range,
a precision measurement of the track coordinates in the principal bending direction of the
Figure : Scheme of the Muon Spectrometer (left). The geometry of muon tracks giving a
muon trigger. (right). Both igures were taken from [MuTrig].
magnetic ield is provided by Monitored Drift Tubes (MDTs). The multi-wire proportional
chambers with cathodes that are segmented into strips are called Cathode Strip Chambers
(CSC) and used at large pseudorapidities. To withstand the demanding rate and background
conditions, the CSC are situated in the innermost plane covering the pseudorapidity range
- . .
In the barrel region are used Resistive Plate Chambers (RPCs) and in the end-caps Thin
Gap Chambers (TGCs). Additionally, these chambers operates as the trigger chambers for
the muon spectrometer. RPCs and TGCs provide bunch crossing identi ication, well-de ined
𝑝 thresholds and measure the muon coordinate in the direction orthogonal to that deter-
mined by the precision-tracking chambers.
2.3 Magnets
Strong magnetic ield is very important for ATLAS as it is used to bend the tracks of charged
particles from which information on their momenta ca be obtained. There are two magnetic
systems that generate the magnetic ield.
The solenoid magnet is located between the Inner Detector and the calorimeters. It pro-
vides T axial magnetic ield for the inner detector and it is aligned with the beam axis.
The other system is composed of the toroid magnets and as well as the muon chambers
it is situated on the perimeter of the whole ATLAS detector. The barrel toroid consist of
coils with air cores and they are designed to provide magnetic ield of . T. The end-cap
toroids are essentially large cryostats and should provide a magnetic ield of T.
2.4 Trigger and Data Acquisition
The amount of data delivered by the LHC is enormous and it is impossible and unnecessary
to store all data from every event. Therefore it is desirable to choose only the “interesting”
ones. For this purpose ATLAS employs a three level trigger system. This is a very challenging
task as the nominal bunch separation is ns – the next bunch crossing happens before
the products of the collisions from the previous crossing are able to reach the edge of the
detector.
The LVL trigger needs about . μs to decide whether to sent the information about the
event to LVL trigger or to the discard it. Then the information is passed to the High-level
trigger. The output rate of the L trigger is kHz, it is limited by the hardware. The input
collision rate is about O( − ) MHz.
The High-level trigger (HLT) is composed of Level (LVL ) and Event Filter (EF). Both are
software trigger systems that run on a large processor farm adjacent to the ATLAS exper-
imental cavern. This prevent any unnecessary delays from signal transport. Basically the
LVL trigger selects so called Regions of Interest (RoI) and within these RoI the LVL uses
full granularity information from the detectors. They RoI in general account for – % of the
total detector volume. The LVL uses fast algorithms and simpli ied selections to reduce the
trigger rate down to ∼ . kHz. The LVL trigger (but not LVL ) also uses information from
the Inner Detector to perform fast tracking. The processing of one event takes on average
ms.
The events accepted by the LVL trigger are passed to the Event Builder that assembles
all the event fragments and passes the full event information to the last stage of the trigger
selection: the Event Filter. Because it has access to the full detector information and also
enough time for execution, the EF runs almost the same algorithms as used during off-line
reconstruction and also the object selection is very similar to the one used off-line. The EF
reduces the output rate to – Hz while spending on average s on every event. The
events that pass the trigger selection are written to the disk for reconstruction and analysis.
The average size of the event from proton-proton collisions is approximately . MB.
Figure : A schematic of the ATLAS Trigger Systems together with the Data Acquisition Sys-
tem of the detector combined with the readout systems [Trig].
3 Quarkonia and their role in the history of physics
3.1 From resonances to QCD
In the existence of neutron, the second constituent of atomic nucleus, was proved and
it became obvious that electromagnetic force is too weak to keep the nucleons together.
Next year Fermi proposed his theory of 𝛽−decay, which he formulated using the means of
relativistic quantum ield theory. Fermi theory represents a irst decisive step towards very
successful theory of Electroweak interactions. But it took another forty years to ind an of-
icial explanation based on similar principles for strong forces that are (not only) binding
the nucleons together in theory calledQuantumChromodynamics (QCD). QCD is also formu-
lated within a language of the ield theory and it was able to explain dynamics of nuclear
forces as well as many other phenomenons that led to discovery of constituents inside some
particles called hadrons.
Between ’s and ’s many discoveries of new particles there have been made.
Many particles were identi ied in cosmic rays, others were produced in laboratories. But
the meaningful way of classi ication of the growing particle zoo had not been successfully
solved until when the quark model was introduced. Crucial step taken towards the
quark model represents a discovery of the irst resonance.
At that time most of the known particles have lifetime 𝜏 longer then s. These parti-
cles could be observed directly in bubble chambers or other detectors. But how to detect the
ones with shorter lifetimes? Direct observation of such states, called resonances, is mostly
impossible so their existence must be con irmed by other means.
The existence of resonance was irst indicated in [QCD] by Fermi and his group. A
resonance is in fact a peak located around a certain energy. Such increase can be found in
dependencies of differential cross sections of scattering experiments on energy or in invari-
ant mass distributions of decays, which inal states consisting of two or three particles. The
beam of 𝜋 , used by Fermi, provided only very limited energy spectrum which disallowed
him from discovery of the irst resonance.
In at Carnegie Institute of Technology, several groups used a 𝜋 beam of MeV
to explore dependency of 𝜎(𝜋 𝑝 → 𝜋 𝑝) on energy. Because of the small intensity of their
beam they were able to see evident peak only in 𝜋 𝑝 channel. This resonance was called
𝛥 and it is the irst baryon resonance discovered (see igure ). Hence it provided an evi-
dence that the isospin invariance is valid for interactions of pions and nucleons. Later was
𝛥 observed in all 𝜋𝑁 channels which implied that it has isospin of / . It is a very nice co-
incidence that the irst resonance family ever observed played later an important role in
improvement of the so called quark model because it manifests the need for concept called
colour.
The hunt for more resonances began and soon after many more were really discovered
for example:𝜔,𝜌,𝜂 or𝛴∗±. The irst meson resonance𝐾∗ was observed in [Kstar]. But
one of them called𝜙 [Phi] was particularly interesting. At that time, there was no no obvious
reason why decay channel𝜙 → 𝜋 +𝜋 +𝜋 should be suppressed with respect to𝜙 → 𝐾 +
𝐾 . On the contrary, the decay on three pions should be according to kinematics preferred
before the kaon channel. This puzzling phenomenon was several years later successfully
explained by the quark model.
Figure : The 𝜋 𝑝 cross-section increase was the irst experimental proof of the baryon
resonance 𝛥 . Picture was taken from [Delta].
Of course in parallel with experimental searches for new particles the theorists were per-
sistently making attempts not only to explain the steadily growing number of particles, but
some of theirs peculiar properties too. In the beginning of this chapter I have mentioned
the ield theory postulated by Fermi in which he used to explain the 𝛽-decay of neu-
tron. Next year young physicist Hideki Yukawa postulated that recently discovered new
force (now called strong) is mediated by the massive particles and he revealed the relation
between the short range of the force (10 m) and the mass of these particles.
He wrote it down in the form of potential corresponding to the exchange of mediating
particle with the mass 𝑚
𝑈(𝑟) = − 𝑔4𝜋𝑟𝑒 . ( )
From the relation 𝑅 = ℏ/𝑚𝑐 ≈ . fm can be calculated mass of these particles 𝑚 ≈
MeV.
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If we look for solution of static approximation then the problem becomes spherically sym-
metric
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After the integration over 𝑟 > 0 we get the potential in the form of equation . In this
equation the g variable is equivalent to the charge 𝑄 in electromagnetism and it can be
referred as strong charge.
Yukawa was pointing in the right direction, but his potential had still some laws. It was
not charge invariant which was a discrepancy with later measurements according to which
the force acting between proton and neutron has the same strength as between the proton
and proton or neutron and neutron. Charge invariance in combination with almost the same
masses of both nucleons led to formulation of the concept called isotopic spin (isospin). So
it seemed natural to treat neutron and proton as two states of one particle. The isospin of
nucleons was set to be / . Then neutron and proton were associated with different projec-
tion of isospin 𝑝 = |1/2, 1/2⟩ and 𝑛 = |1/2,−1/2⟩. Yukawa potential also provides no in-
formation on the spin of the mediating particles. Nevertheless, Hideki Yukawa contributed
signi icantly, not only with this potential, and was in awarded the Nobel prize for his
theoretical work on nuclear forces.
Yukawa’s particles (named pions) were identi ied in cosmic rays in by Latters and
coll. (for more information see [Pi]) which really have mass around MeV and spin .
In fact the discovery of these conjectured particles had been announced one year earlier
because they had been mistaken for other particles calledmuons. But the penetrating effect
of muons coming from cosmic rays soon excluded them from representing the quanta of
strong force.
The Yukawa’s concept was broadened by Kemmer in [Kem] who made corrections to the
missing charge invariance and his solution already in terms of ield theory looked like
𝐻 = 𝑔?̄?(𝜏 𝜙 + 𝜏 𝜙 + 𝜏 𝜙 )𝜓 = 𝑔?̄?𝜏𝜓?⃗?, ( )
where 𝜏 are Pauli matrices, 𝜙 the neutral scalar ields and 𝜓 stands for
𝜓 = 𝜓𝜓 .
The equation differs signi icantly from in the third term𝜙 , added by Kemmer, which
stands for a neutral meson ield of the same mass as the charged ields. That in fact means
that he introduced new particle 𝜋 and by this he assured that the equation is invariant
under a simultaneous rotation of the nuclear doublet and meson triplet in the isospin space.
Now we know that the true nature of the strong force seems to be much more complex and
with other ”particles” playing the role of mediators.
Pions were also inal products of other particles decays discovered in decays. These
particles are now calledkaons and they demonstrate a very peculiar quality called strangeness.
Kaons were produced in strong interactions but they decayed much slower than expected
and with no obvious reason for it. Hence the decay rates of some channels were much
smaller than expected. Gell-Mann solved this problem by assigning the particles into isospin
triplet which forbid them to proceed through some channels in which the isospin invari-
ance did not hold. For example Gell-Mann predicted that 𝜋 (−1) + 𝑝(1/2) → 𝐾 (1/2) +
𝛴 (−1) (numbers in brackets are assigned third components of isospin) is preferred be-
fore 𝜋 (−1) + 𝑝(1/2) → 𝐾 (−1/2) + 𝛴 (1) where the third component of isospin is not
conserved.
Theorist were not fully satis ied with such phenomenological explanations and went fur-
ther to look for a deeper reason of kaons strange behaviour. Gell-Mann (but he was not the
irst one) also realized that if he added a new quantum number (later called strangeness)
which would be conserved in strong and violated in weak interactions, he would ended up
with the correct predictions. He introduced so called Gell-Mann-Nishijima relation
𝑄 = 𝑇 + 𝑌2 = 𝑇 +
𝐵 + 𝑆
2 , ( )
where𝑇 is third component of isospin,𝑌 stands forhyperchargewhich is sum of the baryon
number 𝐵 and strangeness 𝑆. The formula does not hold any special restrictions on
strong decays. Strangeness is in fact only a shift in conservation of 𝑇 and𝑄. However it led
to formulation of so called unitary symmetry and was explained by a quark model.
Theoretical physicists were trying very hard to connect all peculiar dots with a right the-
Figure : Using recently improved photographic emulsion the physicist Cecil F. Powel ob-
served decays of charge pions 𝜋 → 𝜇 → 𝑒 [Pi]. In was Powel awarded by
the Noble prize: “For his development of the photographic method of studying
nuclear processes and his discoveries regarding mesons made with this method”.
ory. The irst important line was drawn by Robert Mills and Chen Ning Yang in when
they published an article called Conservation of isotopic spin and Isotopic Invariance [Y-M]
describing the isotopic invariance in the terms of ield theory. They took inspiration from
the very successful ield theory ofQuantum electrodynamics (QED), but QED is build upon a
U( ) symmetry, which is an Abelian group (also called commutative group). On the contrary
Yang and Mills formulated their theory within the SU( ) group which is non-commutative.
It took another years to fully appreciate their insight.
Physicists also started to realize that it is improbable that all particles would be elemen-
tary – not bound states of other particles. This fact was irstly pointed out by Fermi and
Yang in their article Are mesons elementary particles? [Mesons]
“We assume that the 𝜋-meson is a pair of nucleon and anti-nucleon bound in
this way. Since the mass of the 𝜋-meson is much smaller than twice the mass
of a nucleon, it is necessary to assume that the binding energy is so great that
its mass equivalent is equal to the difference between twice the mass of the
nucleon and the mass of the meson.”
Of course the assumption that nucleons are elementary proved to be wrong, moreover their
suggestions have never been fully elaborated into self-standing theory. Just only the as-
sumption that other particles can be bound states of others turned out to be very fruitful.
The breakthrough was an article by Yval Ne’eman published in [Ne] who has built
his theory straightly demanding the gauge invariance. Which is obvious from his abstract
“A representation for the baryons and bosons is suggested, based on the Lie
algebra of the -dimensional traceless matrices. This enables us to generate
the strong interactions from a gauge invariance principle, involving vector
bosons. Some connections with the electromagnetic and weak interactions are
further discussed.”
It implies that Ne’eman irstly chose the underlying SU( ) symmetry and gauge invariance
and then he got the forces acting between particles (in his theory the role of mediating
particles were played by eight vector mesons). On the other hand he continued in attempts
to identify already known particles with his SU( ) triplets. In the end of the article [Ne] can
be also found a very nice example of turbulent development of theoretical concepts in the
beginning of ’s.
“Shortly after the present paper was written, a further version, utilizing the -
representation for baryons, as in this paper, reached us in a preprint by Prof. M.
Gell-Mann.”
Gell-Mann was the irst one who suggested to abandon the attempts of inding the right
particles that are really elementary. He worked only with “abstract” SU( ) group and its
representations. In the eight chapter of his paper called The “eightfold way” discussing the
Symmetries of baryons andmesons he clearly suggested that: “unitary symmetry may be ap-
plied to the baryons in a more appealing way if we abandon the connection with the sym-
metrical Sakata model and treat unitary symmetry in the abstract. (An abstract approach is,
of course, required if there are no elementary baryons and mesons.)” [ -way]. Sakata model
was in fact a modi ication of Fermi-Yang model. Shoichi Sakata only added to elementary
nucleons 𝛬, which allowed him to compose strange particles. He described this logical pro-
cedure in a very short article: On a composite model for the new particles [Sakata]. Even
though, Gell-Mann elaborated previous chapters of [ -way] in terms of Sakata model, that
is according to our present knowledge wrong, he built the foundations of quark model:
“We consider a three-dimensional representation of the unitary spin algebra
(note: the commutation rules for total unitary spin 𝐹 was de ined by relation
[𝐹 , 𝐹 ] = 𝑖𝑓 𝐹 ) or of the group SU( ) that is generated by the algebra. It is
the representation to which 𝑏 belongs (that is, 𝑒,𝑝, and 𝛬) and we may denote
it by the symbol 𝟑. The antiparticles ?̄? belong to the conjugate representation
𝟑∗, which is inequivalent to 𝟑. We have then taken the direct product 𝟑×𝟑∗ and
found it to be given by the rule
𝟑 × 𝟑∗ = 𝟖 + 𝟏
where 𝟖 is the octet representation and 𝟏 the singlet representation of unitary
spin. Each of these is its own conjugate; that is a situation that occurs only when
the dimension is the cube of an integer.”
At this place should be noted that “×” and “+” in this case denotes direct product and sum
which is easy to tell apart from the ”classical” multiplication and addition. In the last equa-
tion, it is suggested that meson can occupy one of the representations 𝟏 or 𝟖. All baryons
could be assigned to the representations that are on the l.h.s
𝟑 × 𝟑 × 𝟑∗ = 𝟏𝟓 + 𝟔∗ + 𝟑 + 𝟑. ( )
In [ -way] Gell-Mann assumed that the triplets of basic ields are abstract objects:
“There is no longer any reason for the baryons to belong to the𝟑 representation
or the other spinor representations of the group SU( ); the various irreducible
spinor representations are those obtained by reducing direct products like 𝟑×
𝟑×𝟑∗,𝟑×𝟑×𝟑×𝟑∗×𝟑∗, etc. Instead, the baryons may belong, like the mesons, to
representations such as𝟖or𝟏obtained by reducing the direct products of equal
numbers of 𝟑’s and 𝟑∗’s. It is then natural to assign the stable and metastable
baryons𝑁, 𝜆, 𝛴, and 𝛯 to an octet, degenerate in the limit of unitary symmetry.”
In this short passage Gell-Mann very indirectly submitted his proposition of other baryons
representations, that rose from relation
𝟑 × 𝟑 × 𝟑 = 𝟏𝟎 + 𝟖 + 𝟖 + 𝟏. ( )
But the equation was not in such explicit form written in the whole article.
3.2 Quark model
In the beginning I would like to summarize the most acute problems yet to be solved in
particle physics just before the birth of quark model:
• Concept of strangeness was known but the underlying reason was still missing.
• Puzzling decay rates of 𝜙 resonance remained still unexplained.
• SU( ) group seemed to be the right building block for particle zoo classi ication, but
it was not known which representations were actually demonstrated in nature.
In at a conference in Geneva were announced two more discoveries of resonances
𝛯∗ (1530) and𝛯∗(1530). This two particles very well corresponded with the baryons from
decuplet that existence was predicted in models of Ne’eman and Gell-Mann. Immediately
after the lecture Gell-Mann suggested the existence of the last baryon 𝛺 missing in the
decuplet, that came from equation , and its expected mass (see igure ). The last piece
from the decuplet puzzle was discovered in (see igure ) and the Eightfold way was
proven to be the right concept.
Figure : Discovery of 𝛺 [Omega]. Incoming 𝐾 is interacting with proton in liquid ni-
trogen. Products of the collision are 𝐾 𝐾 𝛺 particles that also subsequently
decay.
Figure : Example of baryon octet with spin and parity 𝐽 = 1/2 (left) and baryon decu-
plet 𝐽 = 3/2 (right).
Just one day after the discovery of𝛺 on1 January another paper calledA schematic
model of baryons and mesons [Quarks] by Murray Gell-Mann has been published. In this
short article he suggested, with absolutely no hesitation, that fundamental triplets con-
sist of new objects with fractional charge, spin 1/2 and baryon number of 1/3. Gell-Mann
named these objects quarks up, down and strange. It is interesting that quark is a mean-
ingless word used by James Joyce in his book Finnegan’s wake (“Three quarks for Muster
Mark!”) [Quarks]. From [Quarks]
“Baryons can now be constructed from quarks by using the combinations (𝑞𝑞𝑞),
(𝑞𝑞𝑞𝑞?̄?), etc., while mesons are made out of (𝑞?̄?), (𝑞𝑞?̄??̄?), etc. It is assuming
that the lowest baryon con iguration (𝑞𝑞𝑞) gives just the representations 𝟏, 𝟖
and 𝟏𝟎 that have been observed, while the lowest meson con iguration (𝑞?̄?)
similarly gives just 𝟏 and 𝟖.”
is obvious that Gell-Mann theory was not yet perfect but at that time the concept of colour,
which excluded quarks combinations of higher order then (𝑞𝑞𝑞) for baryons and (𝑞?̄?) for
mesons, was yet to be found. On the other hand all important aspects of quark model were
introduced (for complete set of quarks properties see table ). Basically for this and also
for prediction of 𝛺 was Murray Gell-Mann in awarded Nobel prize. It was only a
shame that Yval Ne’eman’s contribution remained unrecognised, even if he was ready to
present the same results as Gell-Mann. Yval Ne’eman was not the only whose contribution
was not suf iciently appreciated. Just three weeks later a young postdoc George Zweig, in-
spired by Ne’eman’s article [Ne], came up with a complete set of calculations that could be
done within a quark model (of course Zweig did not name basic triplets and anti-triplets
constituents as quarks) in his preprint called An SU( ) model for strong interaction symme-
try and its breaking ( see [Zweig]). On the contrary Gell-Mann’s paper was only a very short
note where he described what could be done within his model and presented the expres-
sions for electromagnetic and weak currents. What is even more fascinating that Zweig’s ar-
ticle has been revoked by publishers. In this masterpiece he also introduced so called Zweig
or OZI rule (Susumu Okubo and Jugoro Iizuka suggested independently on each other the
same rule). They divided all processes into two groups
. Allowed processes are the ones with connected lines in the left to right direction.
. The forbidden processes are the ones with disconnected lines.
Allowed processes always dominates over the suppressed ones but the rates depends also
on other factors. For a demonstration of such rule see igure .
The quarks carrie so called lavour charge up, down and strange (see table ). As the
quarks are fermions it became soon obvious that in fact they exist in different states. So
the SU( ) lavour symmetry should be broadened to SU( ) lavour-spin symmetry
𝟔 × 𝟔 × 𝟔 = 𝟓𝟔 + 𝟕𝟎 + 𝟕𝟎 + 𝟐𝟎. ( )
Accordig to the quark model, there are baryons it is logical to choose the multiplet 𝟓𝟔
which has the right number of states but it is also fully symmetric. It means that the wave
function is symmetric under any permutation of quarks.
Similarly for mesons the decomposition gives
𝟔 × 𝟔∗ = 𝟑𝟓 + 𝟏. ( )
3.3 Partons and colour on the scene
After the announcement of quark model successes, the experimental hunt for particles with
fractional charge began. At that time there was not known reason why the free quarks
should not exist in nature. But such quarks have been never detected and now we know
that it was because of principle called quantum con inement. The con inement is a conse-
quence of so called asymptotic freedom in the strong interactions that was discovered by
Figure : Process on the right is according to Zweig (OZI) rule allowed and the process
pictured on the left is Zweig forbidden.
David Gross, David Politzer and Frank Wilczek in [Asymptotic] and [Asymptotic ]. Asymp-
totic freedom is a property that causes bonds between particles to become asymptotically
weaker as energy increases and distances decreases. Hence it means that the other side
of the asymptotic freedom is con inement. As the force acting between colour charges in-
creaseswith distance, it causes that quarks and gluons can never be liberated from hadrons.
The importance and uniqueness of such principle can be demonstrated on fact that all pre-
viously named physicist were awarded the Nobel Prize in Physics.
The experiments with inelastic scattering an SLAC have proven to be very fruitful [Rior].
The irst experiment that used electrons with energies of MeV to bombard protons, gave
no evidence that protons consist of quarks. It was due to the small electron energy which re-
sulted in elastic scattering. The next experiment was already working in inelastic region and
performed by combined group of physicists from MIT and SLAC. In they were measur-
ing electrons that rebounded from protons at angle of °. For each given values of energy
𝐸 and angle 𝜙 they measured energies ranging from elastic electron-proton scattering at
the highest 𝐸 down to the deep inelastic scattering at a few GeV. The experimental set-up
was not the best itted because the electrons, with energy 𝐸, were passing through liquid
hydrogen or later deuterium. Electrons that rebounded at ° into the acceptance of the
GeV spectrometer were momentum analysed. Those with a scattered energy, that fell into
a range of about ±2% around a central value E’, were directed in a group of particle detec-
tors that distinguished electrons from a background consisting mostly of pions. Due to the
experimental environment, a lot of radiative corrections (electrons radiate photons as they
recoil or pass through material) had to be calculated before the of icial verdict could have
been published. Even after that, the counting rates in deep inelastic region remained much
higher then expected. Also the momentum transfer to the proton 𝑄 = 2𝐸𝐸 (1 − 𝑐𝑜𝑠𝜙)
decreased much more slowly in case of the deep inelastic scattering than for the elastic one
(see igure ). This could be interpreted as electrons hitting some kind of hard components
inside the proton. However there were several possible interpretations of the inelastic data
that had to be excluded before the absolute con irmation of proton constituents discovery.
Figure : Cross-sections for inelastic electron-proton scattering measured at ° by com-
bined group of MIT and SLAC. It was normalized by those expected for Mott scat-
tering from a point proton. The data points are given for two values of𝑊which is
the invariant mass of the unobserved inal-state hadrons. (Figure is from [Rior].)
In Henry W. Kendall plotted the dependence of 𝜈𝑊 where 𝜈 = 𝐸−𝐸 on 𝜈/𝑄 . The
𝑊 is mostly denoted as proton structure function. If we take the irst Born approximation,
it means that the process of electron-proton scattering is mediated by one photon, then two
structure functions 𝑊 and 𝑊 are needed. The cross-section of such process have a form
𝜎(𝐸, 𝐸 , 𝜙) = 4𝑒 𝐸𝑄 𝑊 (𝜈, 𝑄 ) cos
𝜙
2 + 2𝑊 (𝜈, 𝑄 ) sin
𝜙
2 , ( )
where𝑊 factor is dominant at small angles, while𝑊 at large angles. Kendall extracted𝑊
from the MIT-SLAC experiment data. According to an earlier prediction of James Bjorken the
data appeared to fell along a curve 𝐹 = 𝜈𝑊 which is a function of 𝜈/𝑄 and not of 𝜈 and
𝑄 independently (see igure ). This scaling factor was interpreted by Richard Feynman
as a consequence of existence of so called partons. Feynman did not speci ied any quantum
numbers of partons, they resulted merely from a more or less phenomenological studies,
that can be found in [Feyn]:
“It is the purpose of this paper to make suggestions as to how these cross sec-
tions might behave so that signi icant quantities can be extracted from data
taken at different energies. These suggestions arose in theoretical studies from
several directions and do not represent the result of consideration of any one
model. An extraction of those features which relativity and quantum mechan-
ics and some empirical facts’ imply almost independently of a model. I have
dif iculty in writing this note because it is not in the nature of a deductive pa-
per, but is the result of an induction. I am more sure of the conclusions than
of any single argument which suggested them to me for they have an internal
consistency which surprises me and exceeds the consistency of my deductive
arguments which hinted at their existence.”
According to this model partons are only a point like constituents of proton from which
the high-energy electrons rebound elastically. He recognized that the universal function 𝐹
was the momentum distribution of the partons, weighted by the squares of their charges,
when plotted versus a 𝑥 = 𝑄 /(2𝑀𝜈), where 𝑀 stands for the proton mass. The 𝑥 actually
represents the fraction of proton momentum carried by parton in which the electron is
at rest and the proton is speeding towards it, which Feynman named in inite momentum
frame. The spin of partons can be determined from relation




𝑄 − 1, ( )
no indent where 𝜎 , respectively 𝜎 , stands for cross section for longitudinally, respec-
tively transversally polarized photons.
By , enough evidence has been collected to conclude that proton has an internal
structure. It was con irmed in four different kinds of high-energy scattering experiments:
electron-nucleon, neutrino-nucleon, electron-positron and proton-proton, in which three
different forces were involved: the electromagnetic, the weak and the strong nuclear force.
There was also fairly solid evidence that these constituents had the quantum numbers cor-
Figure : Values of the proton structure function 𝐹 obtained from MIT-SLAC experiment.
As anticipated by Bjorken, the data appeared to be a universal function of the
ratio 𝜈/𝑞 and even more when the low-𝑞 data at E = GeV were excluded from
the sample. Figure was taken from [Rior].
responding to quarks. But free quarks were never found despite continuing efforts.
The absence of free quarks was only one of the problems that the quark model had to face.
The other was that baryons were assigned into symmetricmultiplet but quarks as fermions
cannot have symmetrical wave function if we interchange all their characteristics. There
was also no sign of particles which should correspond to states like (𝑞𝑞?̄??̄?) or (𝑞𝑞𝑞𝑞?̄?).
The irst promising suggestion was made by Oscar Greenberg in [Para]. According to
[Para], parafermions are like fermions with rank three:
“Now we return to the question of placing three spin-1/2; quarks in 𝑠 states in
the baryon . This can be done if the quarks are parafermions of order 𝑃 = 3.
This suggestion is the main new idea of this article.”
In , just six month later an article by Yoichiro Nambu and Moo-Young Han was pub-
lished, in which they suggested that there are three triplets of quarks. That each quark ex-
ist in different colour and the particles, which can be observed, are colourless states, or
white combinations, of these colours. This small modi ication solved the problem of quark
model and in Nambu was awarded the Nobel prize. The concept of colour was inally
established in paper by Bardeen, Fritzch and Gell-Mann [Colour]:
“An equivalent description, easier to follow, involves introducing nine types of
quarks, that is, the usual three types in each of three “colors,” say red, white, and
blue. The restriction is then imposed that all physical states and all observable
quantities like the currents be singlets with respect to the SU( ) of color (i.e.,
the symmetry that manipulates the color index). Again, the quarks are fictious.
Let us refer to this type of statistics as “quark statistics.”
This quotation also illustrates that Gell-Mann originally considered quarks only as math-
ematical concept, not as real constituents existing inside.
3.4 More quarks for Muster Mark
“Colourless rule” didn’t exclude some of the the higher quark combinations like (𝑞𝑞?̄??̄?).
In this case, the most successful “puzzler” was again Nambu (even if similar results can
be found in Greenberg’s paper [Para]). In this proceeding, Nambu introduced eight gauge
ields and he coupled them to the SU ( ) colour triplets. The exchange of gauge ields was
responsible for super-strong interaction and so called quark con inement. The other impor-
tant consequence was that the eight gauge bosons, that played the role of mediators, carried
the colour charge. Nambu formulated his theory independently on others, he did not use
the word quark. He wrote his theory in language of non-relativistic quantum mechanics but
his ideas were later also transformed into Quantum Chromodynamics.
Very nice summary of Nambu’s work can be found in [QCD] according to which the quark
con inement follows from the basic assumption that the interaction is mediated by ex-
change of octet of coloured gauge bosons and has following properties
• The mass of free quarks is high enough to make free quarks unobservable.
• Forces acting between quarks are attractive only in colour singlet channels in which
they have inite masses.
• In all other channels the forces are repelling, which makes them not observable.
• The force acting between (𝑞?̄?) is twice as big as between (𝑞𝑞).
In his paper named Systematics of hadrons (published in [Prel]) he described in semi-
quantitative way potentials and bound energies of (𝑞𝑞), (𝑞?̄?) and (𝑞𝑞𝑞) combinations. The
most interesting part is dedicated to calculations of states consisting of three triplets, alto-
gether containing nine fermions
“An important difference from the two–triplet case is that instead of charm
gauge group U( ), we have the group SU( )” (Note: Can be associated with SU ( ).).
The charm gauge ield C must then be replaced by an octet of gauge ields 𝐺 ,
𝜇= ..., , coupled to the in initesimal SU( )” generators (currents)𝜆 of the triplets,
with a strength 𝑔. For a system containing altogether N particles, the exchange
of such ields between a pair then results in an interaction energy
𝑉 = 𝑔 𝜆 ( ) ⋅ 𝜆 ( ) = 12𝑔 𝜆
( ) 𝜆 ( ) − 12𝑔 𝜆
( )𝜆 ( )
= −12𝑔 [𝐶 − 𝑁𝐶 ]
where 𝜆 ( ) refers to the n-th particle, 𝐶 is the quadratic Casimir operator of
SU( ) and 𝐶 = 4/3 is its value for a triplet representation D(1, 0) or D(0, 1).”
𝐶 is in general for a representation D(𝑙 , 𝑙 ) given by
𝐶 (𝑙 , 𝑙 ) = 13(𝑙 + 𝑙 𝑙 + 𝑙 ) + (𝑙 + 𝑙 ), ( )
which implies that for SU( )” 𝐶 = 4/3. Nambu in his paper also introduces total energy
𝐸 = 𝑀+ 𝑉 = 𝑀− 12𝐶 𝑔 𝑁 +
1
2𝑔 𝐶 , ( )
where M (M » GeV) stands for so called common mass which denotes the mass of a free
quark.
Bound states will have 𝑉 < 0 and the lowest state will have 𝐶 = 0 which is singlet
D(0, 0). Now we have
𝐸 = 𝑁 𝑀− 12𝐶 𝑔 = 𝑚 = 𝑁𝜇 ( )
where𝑚 is a baryon mass. Nambu introduced in equation variable 𝜇 which is a fraction
of baryon mass.
𝐸 = 12𝜇𝑁 +
1
2𝑔 𝐶 ( )
In was found a new resonance simultaneously at SLAC (Stanford National Acceler-
ator Laboratory) [Psi] and at BNL (Brookhaven Nationa Laboratory) [J] in the cross section
of 𝑒 + 𝑒 , respectively 𝑝 + 𝐵𝑒. The most interesting property of this resonance is very
nicely illustrated at the end of the article [Psi]:
“The 𝑒 𝑒 –hadron cross section is presumed to go through the one-photon in-
termediate state with angular momentum, parity, and charge conjugation quan-
tum numbers 𝐽 = 1 . It is dif icult to understand how, without involving
new quantum numbers or selection rules, a resonance in this state which de-
cays to hadrons could be so narrow.”
The new resonance ended up with an exotic name 𝐽/𝜓. Both research groups observed a
very sharp peak at . GeV, hence at SPEAR other resonance𝜓 at . GeV was identi ied (see
igure ). The width that was measured by both experiments is mostly dominated by their
resolutions (see igures ). The total width was in fact much smaller and was determined
from the leptonic branching ratios and the total reaction rate. The formula for cross section
of 𝑒 𝑒 → 𝐽/𝜓 → 𝑒 𝑒 can be deried from Breit-Wigner formula (in not relativistically
invariant form)
𝜎(𝐸) = 4𝜋𝜆 (2𝐽 + 1)2𝑠 + 1)((2𝑠 + 1)
𝛤 /4
[(𝐸 − 𝐸 ) + 𝛤 /4] ( )
where 𝜆 is a de Broglie wavelength of electron,𝛤 is the total width (sum of all partial widths
for every channel),𝛤 is partial width for process 𝐽/𝜓 → 𝑒 𝑒 , 𝑠 and 𝑠 are spins of the
incident and target particles (in this case incident particles forming the resonant state), J is
the spin of a resonance 𝐸 is the CMS energy of colliding particles and 𝐸 is the resonance
energy. To get the integrated cross section the 𝜎(𝐸) has to be integrated over the energy E
and after inserting all numbers the result 𝛤 / = keV is obtained. Other vector mesons
resonances differ in several orders of magnitude, for example 𝛤 = MeV or 𝛤 = .
MeV. The second discovered resonance𝜓 (now denoted as𝜓( S)) has also very small width
𝛤 = keV.
It was impossible to ind good explanation in terms of known quark lavours u, d and
s. One more quark called charm (denoted as c) was needed. In fact, the existence of the
fourth quark had been predicted some time earlier. The motivation came up mostly from
an analogy with families of fermions but there were also other, deeper reasons for charm
introduction. The so calledGIMmechanism named after Sheldon Lee Glashow, John Iliopou-
los and Luciano Maiani in [GIM] is clari ied with the help of the fourth quark. The fourth
quark was needed to explain the existence of the lavour changing neutral currents (FCNC)
suppression and to make clear why weak interactions changing strangeness by factor two
are suppressed while this cannot be said about those, that change strangeness by one. The
new quantum number charm (denoted C) is also like strangeness conserved in strong and
electromagnetic interactions. It was postulated that these two new resonances consist of
massive quark-anti-quark combination 𝑐?̄?, sometimes denoted as charmonium.
Figure : Examples of multiplets of particles consisting of u, d, s and c charmed mesons
(left) and baryons (right) [PDG].
Since that time, to picture a particle multiplet one more axis for charm is needed, as it is
illustrated in the igure . Later were observed higher excitation of 𝑐?̄?: 𝜓( S), 𝜓( S) and
𝜓( S). Other mesons that consist of only one charm quark and one from the original triplet
D were also soon discovered at SLAC and generically called D. The lightest D meson has
mass of MeV [PDG] and for previously mentioned higher excitation it is possible to
undergo decay 𝜓( S)→ 𝐷 𝐷 . For 𝐽/𝜓 with mass of MeV and 𝜓 with MeV, it is
kinematically not possible. The signi icantly smaller width can be explained as consequence
of possible decay patterns of 𝑐?̄? only on 𝑢, 𝑑 and 𝑠 in Zweig suppressed channel (see again
igure ). Now I should switch from SU( ) to SU( ) group which (has some interesting
consequences) but the most important fact is that the famous charge relation now have a
form
𝑄 = 𝑇 + 𝑌 + 𝐶2 . ( )
In there were discovered resonances with similar patterns as𝜓 family but with higher
masses that can be attributed to a new quark. On Fermilab spectrometer was observed a
new cascade of resonances called 𝛶 (see [Upsilon]) in reactions 𝑝+𝐵𝑒, 𝐶𝑢, 𝑃𝑡 → 𝜇 +𝜇 +
𝑎𝑛𝑦𝑡ℎ𝑖𝑛𝑔. The three observed states of 𝛶: 𝛶( S), 𝛶( S) and 𝛶( S) have masses between
Quark lavour
Property d u s c b t
m [MeV] . – . . – . . .. GeV . .. GeV . ± . GeV
Q – / + / – / + / – / + /
I + / + /





Table : Summary of quarks quantum numbers where m denotes mass, Q electric charge,
I isospin, 𝐼 the component of isospin, S strangeness, 𝐶 charm , 𝐵 bottom-
ness/beauty and 𝑇 topness. Taken from [PDG].
. to . GeV (see [Upsilon] and [Upsilon ]). The ifth heavy quark called bottom and ifth
quantum number denoted bottomness (or beauty) has been introduced. For these three up-
silons states, it is not kinematically possible to decay on the lightest bottom mesons𝐵?̄?. But
there are three more resonances:𝛶( S), 𝛶( S) and 𝛶( S) which lie above the𝐵?̄? threshold.
The last and the heaviest quark that was needed to complete the quark family was exper-
imentally discovered in at Fermilab and called top quark [Top]. This quark with mass
of . ± . GeV (see also ) is too heavy to form any bound (“topponium”) state.
3.5 Quantum Chromodynamics
Quantum Chromodynamics (QCD) is a gauge ield theory which is based on the SU( ) gauge
groups. A gauge theory is a special type of ield theory in which the Lagrangian is invari-
ant under a group of local transformations. It describes the strong interaction which is a
fundamental force acting between quarks and gluons. Gluons are the mediators of strong
interaction in QCD. As I have already mentioned, QCD is a non-Abelian theory which implies
the possibility of self-interaction of gluons. On the contrary, there is no self-interaction of
photons in QED.
In would be the Zweig rule explained with the help of gluon exchange. For examples of
Feynman diagrams of gluon-gluon interactions see igure . Gluons rise from combination
of colour and anti-colour triplet and they belong to the octet.
𝟑 × 𝟑∗ = 𝟖 + 𝟏 ( )
Figure : Results from [Psi] presenting the 𝐽/𝜓 resonance produced at SPEAR ring at SLAC
(left). The irst glimpse of 𝛶 resonance from [Upsilon] (right).
Figure : Gluon self-interaction diagrams.
Figure : The example of Zweig rule applied to 𝐽/𝜓 in QCD [Perkins].
Then the singlet state will have form
𝑔 = 1
√3
(𝑅?̄? + 𝐵?̄? + 𝐺?̄?) ( )
where R stands for red, B for blue and G for green an the rest for their anti-colours. In the
singlet state the colour charges are completely neutralised which implies that this state
does not interact with other quarks and that there are no gluon singlets. The octet of gluons
can be constructed in a close analogy with the octet of mesons, only three lavour triplet
must be interchanged for three colours. It also must be noted that in the case of gluons
there is no analogue with particle isospin.
In igure (b) for the kinematically forbidden decay 𝐽/𝜓 → 𝐷 𝐷 , one gluon exchange
is suf icient to assure the transmission from c to ?̄?. In the case (a) of decay on three muons,
there are at the beginning and at the end two almost separate colourless states, so at least
two gluons are needed. But 𝐽/𝜓 is a spin triplet which in analogy with the positronium
(bound state of 𝑒 𝑒 ) must decay through an odd number of gluons and the lowest odd
number for this case is three. The irst process is mediated by so called soft gluon. This pro-
cess is favoured by the QCD, but again forbidden by energy conservation. The other decay
proceeds through exchange of triplet of hard gluons. They are called hard because the norm
of their four-momentum is the square of the mass of the decaying resonance. The way to
QCD has been paved, now it is time to summarize all important bits and pieces of informa-
tion connected exclusively to QCD that were already revealed in this text and fully exploit
them in the language of a ield theory:
• QCD is a gauge ield theory based on a SU( ) gauge group.
• It is similar to the QED but its non-Abelian (non-commutative) which results in gluon
self-interaction.
• The structure demonstrates some interesting properties like asymptotic freedom and
con inement of quarks which results in exclusive existence of colour singlets.
  The Lagrangian density describing the interactions of quarks and gluons in QCD have a
form
ℒ = −14𝐺
( )𝐺 ( ) + 𝜓 𝛾 𝑖𝐷 −𝑚𝛿 𝜓 + ℒ + ℒ , ( )
where 𝜓 are three-component Dirac spinors of the quark ields with colour i and lavour
q. The interaction terms of the theory result from imposing local gauge invariance on the
classical Lagrangian density for non-interacting quarks and gluons. ℒ stands for the
gauge ixing term and ℒ is so called Faddeev-Popov ghost which must be introduced to
guarantee the consistency of the quantization procedure, in particular the unitarity of the
theory. In Feynman diagram calculations, ghosts behave as scalar particles, that couple to
gauge bosons, but they appear only in propagators.The term
𝐺( ) = 𝜕 𝐴 − 𝜕 𝐴 − 𝑔𝑓 𝐴 𝐴 ( )
represents the kinetic part of gluon ields that are responsible self-interaction of gluons via
three- and four-point vertices, giving rise to the property of asymptotic freedom. 𝐴 stand
for eight gluon ields. The covariant derivative
𝐷 = 𝛿 𝜕 + 𝑖𝑔
(𝜆 )
2 𝐴 ( )
where 𝑓 are the structure constants that, with addition of the Gell-Mann matrices 𝜆,
satis ies the commutation relation [𝜆 , 𝜆 ] = 2𝑖𝑓 𝜆 . All Feynman rules for QCD which
can be found in Appendix A, can be derived from the Lagrangian density.
4 Quarkonia
4.1 Quarkonia spectroscopy
Since its discovery, charmonia and bottomonia have proven to be powerful tools for strong
interaction probing. Due to the high mass of the charm quark (≈ . GeV) and bottom quark
(≈ . GeV), it can be described within the language ofnon-relativistic potentialmodelwhich
can be easily tested. Especially interesting are the dynamical properties of its bound states.
In this model the asymptotic properties of the strong interaction are embodied in
𝑉(𝑟) = −43
𝛼
𝑟 + 𝜅𝑟, ( )
where 𝛼 is the strong interaction coupling constant. The irst part of equation is dom-
inant at short distances and it is the part motivated by the perturbative QCD, whereas the
second describes quark con inement in a phenomenological manner. This model is some-
times called Cornell potential and all of its free parameters have to be gained from its of
experimental data. In QCD, the coupling constant from equation is denoted by 𝑔 and by
convention is connected to 𝛼 = 𝑔/4𝜋. For illustration of potential from equation for a
given values of 𝛼 see igure .
The strong coupling constant 𝛼 gets larger as the energy scale 𝜇 of the interaction de-
creases which is caused by the anti-screening effect of the gluon self-interaction
𝛼 (𝜇) = 2𝜋
(11− 𝑛 ) ln
( )
where 𝑛 is the number of active quark lavours below 𝜇, and 𝛬 is the intrinsic QCD scale
with a value of around − MeV. The strong coupling constant diverges when 𝜇 ap-
proaches 𝛬 and the perturbative QCD calculations cannot be done.
Measurements of the charmonium spectrum below threshold began immediately after
their discovery. The irst two papers, [Spectrum] and [Spectrum ], submitted by indepen-
dent groups were received within one week in December . Their results can be seen
in the igure . The existence of such spectra forever banished the purely mathematical
notion of quarks.
Charmonium and bottomium spectroscopy was originally inspired by already well known
states of positronium. The ground state of positronium has two possible con igurations de-
pending on the relative orientations of the electron and positron spins which causes also
its different lifetimes. Quarkonia can be characterised by the same numbers as positron-
ium which are total spin of the bound state 𝑆, the total orbital angular momentum 𝐿 and
Figure : Complete charmonium spectrum.
Figure : Masses and radiative transitions of charmonium, taken from [Spectrum] (right)
and [Spectrum ] (left).
the total angular momentum 𝐽 = 𝐿 + 𝑆. The conserved properties are charge conjugation
𝐶 = (−1) and parity 𝑃 = (−1) . For overview of basic charmonia states see table .
Para-positronium is a state with anti-parallel spins denoted as 𝑆 . This singlet state can
decay into any even number of gammas but two gamma decay has the largest branching
ratio. Otho-positronium is a triplet state with electron-positron having the parallel spins.
Total angular momentum of ortho-positronium 𝐽 = and charge conjugation 𝐶 = - . In this
mode only even number of gammas in inal state is possible starting from the most probable
number three.
If I assume, as in case of hydrogen atom, that positronium energy levels can be derived
from non-relativistic Schrödinger equation
𝐸 = −𝛼 𝑚𝑐4𝑛 , ( )
where 𝑛 is a principal quantum number and 𝑚 electron mass. Relativistically the levels
are split by spin-orbit interaction into S,P,... states with different orbital angular momentum
l, l < n (so called ine splitting) and by spin-spin interaction into triplet and singlet states
(so called hyper ine splitting). Positronium (as well as charmonium) constituents have the
Figure : Comparison of positronium (left) and charmonium spectrum (right). Figure was
taken from [Comparison].
same mass and therefore magnetic moment of Bohr magneton. This causes that the order
of hyper ine and ine splitting is the same
𝛥𝐸 ∼ 𝛼 𝑚𝑐𝑛 . ( )
In analogy with positronium gross states of heavy quarkonia (bottomonia and charmo-
nia) can be calculated within a non-relativistic QCD framework because quark masses𝑀 are
large compared to kinetic energy ( . - . GeV) with 𝛽 = 0.1 − 0.2 and also 𝛬 >> 𝑀
which allows us to use non-relativistic treatment but non-relativistic correction terms are
needed.
Measurements of the properties of heavy quarkonia also provide us with a great oppor-
tunity to test very precisely predictions of non-preturbative QCD (𝛼 ≈ 0.16 − 0.25), large
order perturbation theory, QCD, exotica, con inement, decon inement and similar effects.
Moreover it provides a unique insight into the nature of QCD close to the strong decay
threshold.
The similarity between quarkonium and positronium implies that to the strong interac-
Figure : Plot of the QCD potential for 𝛼 = . and k = GeV.fm . Picture was taken from
[Perkins].
Meson 𝑛 𝐿 𝐼 (𝐽 ) Mass [MeV] Full width
𝜂 1 𝑆 0 (0 ) 2980.4 ± 1.2 25.5 ± 3.4 MeV
𝐽/𝜓 1 𝑆 0 (1 ) 3096.916 ± 0.011 93.4 ± 2.1 keV
𝜒 (1𝑃) 1 𝑃 0 (0 ) 3414.76 ± 0.35 10.4 ± 0.7 MeV
𝜒 (1𝑃) 1 𝑃 0 (1 ) 3510.66 ± 0.07 0.89 ± 0.05 MeV
𝜒 (1𝑃) 1 𝑃 0 (2 ) 3556.20 ± 0.09 2.06 ± 0.12 MeV
𝜓(2𝑆) 2 𝑆 0 (1 ) 3686.093 ± 0.034 337 ± 13 keV
Table : Properties of signi icant charmonia [PDG].
Figure : Di-muon invariant mass spectrum for data, from fully combined opposite sign
muons in EF_MU triggered events with 𝑝 threshold at ∼ GeV, which for
consistency is recon irmed of line for one of the two inner detector-muon spec-
trometer combined tracks (the other one is required to pass a 𝑝 threshold of
. GeV). The plot is taken from [Dimuon] and corresponds to an integrated lu-
minosity of about pb .
tion potential (equation ) should be added more terms re lecting the spin dependence
𝑉 (𝑟) = 𝑉 (𝑟) ?⃗? ⋅ 𝑆 + 𝑉 (𝑟) 𝑆(𝑆 + 1) − (𝑆 ⋅ 𝑟)(𝑆 ⋅ 𝑟)𝑟 + 𝑉 𝑆(𝑆 + 1) −
3
2 ( )
where spin-orbit𝑉 and tensor𝑉 terms are responsible for the ine structure of the states.
The spin-spin term𝑉 , which is for two quarks proportional to𝑆(𝑆+1)−3/2, describes the
spin splitting on singlet and triplet. This scheme is very, there are plenty of other models
and their calculations. But a remarkably successful quarkonium mass predictions can be
achieved if properly tuned constants are used.
The leading order of the quarkonium bound state is assumed to be formed of a quark-
Figure : The charmonium spectrum predicted by speci ic model (for more details please
see [CharmModel]) combined with the experimental values.
antiquark pair which must be in an angular momentum state consistent with the quantum
numbers of the meson, which leads to an additional spectroscopic notation 𝑛 𝐿 (𝑛 here
is the principal quantum number).
There are many very speci ic models that can be compared to today’s knowledge of the
spectrum, one example is illustrated in the picture .
Several peculiar charmonium states were observed in region of . GeV (see igure )
at Belle [XYZ]. They were called XYZ states and have very different properties and different
production precesses. In at Belle was discovered another XYZ state called X( )
with mass of . ± . MeV, which is very close to the𝐷 𝐷 ∗ threshold, and with smaller
width than . MeV. The state was soon con irmed in other experiments. So far there is
nothing especially interesting on this lightest “X state” but very unusual is the ratio
𝑅 = 𝑋(3872) → 𝜋 𝜋 𝜋 𝐽/𝜓𝑋(3872) → 𝜋 𝜋 𝐽/𝜓 = 0.8 ± 0.3 ( )
which cannot be explained by any simple 𝑐?̄? structure model. The 𝜋 𝜋 structure comes
from 𝜌 resonance decay and the 𝜋 𝜋 𝜋 from 𝜔 decay. The result of ratio is in discrep-
State Mass [MeV] 𝛤 [MeV] 𝐽 Decay mode
X( ) . ± . < . DD*
X( ) ± ± ± ? D*D*
Z( ) ± ± DD
X( ) ± ± DD*
Y( ) ± ± C = + (?) 𝐽/𝜓𝜔
Table : Summary of XYZ mesons that can be found in the igure [XYZ].
ancy with expected suppression of 𝜔𝐽/𝜓 against the 𝜌𝐽/𝜓. This ratio points in direction
of isospin mixing and probably both channels, the neutral as well as the charged DD∗, are
contributing. Very puzzling is recent ratio measurement at Belle that with % C.L. gives
𝑅 ≤ . MeV where 𝑅 stands for
𝑅 = 𝛤(𝑋(3872) → 𝛾𝜓(2𝑆))𝛤(𝑋(3872) → 𝛾𝐽/𝜓) . ( )
The exact nature of the X( ) is still subject of debates which could be solved with help
of the LHC.
In another resonance named Y( ) was discovered at Belle and its existence was
also later con irmed by other experiments. It was detected near threshold enhancement in
the 𝜔𝐽/𝜓 invariant mass distribution while measuring the 𝐵 → 𝐾𝜔𝐽/𝜓. Y( ) mass was
established at ± ± MeV and a width Γ = ± ± MeV. Its existence was also
con irmed by other experiments but in contrary to X( ) it has not yet been observed in
the DD channel. Till today there were identi ied more similar states and comparison with
Colour Evaporation and Colour Singlet models (see chapter . . ) were calculated but the-
oretical branching ratios are only in a fair agreement with experiment (see [XYZ]).
It illustrates that the DD threshold region is still under investigation and new discoveries
of more unusual states are expected. Also more precise measurements to con irm accom-
modation of new particles in the diagram are needed.
4.2 Quarkonia production mechanisms
The structure of this chapter was inspired mostly by [Puzzles], [Price] and [Polarization].
In the last one I also found probably the best motivation for quarkonia studies:
“Quarkonia represent the most elementary manifestation of the strong binding
force and allow us to study crucial open questions: how are quarks con ined in-
side hadrons? How do strong forces generate the properties of particles made
of quarks? Can quarks become unbound under extreme conditions (high tem-
perature and density: the quark-gluon plasma), as they existed in the irst mo-
ments of the universe?”
The Schrödinger equation with one of many existing potential models can be used to ob-
tain the binding energy solutions from which can be derived the mass spectra. The quarko-
nium wave function 𝜓(𝑟) = 𝜓 (𝑟) ⋅ 𝑌 (𝜃, 𝜙), where 𝜓 (𝑟) and 𝑌 (𝜃, 𝜙) are the radial
and orbital parts of the this function, have different form for different potentials. These
wave functions play an important role in predictions of cross-sections in some models of
quarkonium production. Historically, the potential models were an important starting point
and they provided us with good understanding of quarkonium spectroscopy. But other the-
ories were needed to explain the production mechanisms and properties of quarkonia.
4.2.1 Colour Singlet and Colour Evaporation Models
First on the scene came Colour singlet model (CSM). The CSM assumed that if the quarko-
nium state has some quantum numbers (specially spin and colour) the original quarks were
in the same state. The basic CSM assumption is that both quarks resulting in charmonium
were produced in a color singlet state. The production rate for each quarkonium state is
related to the absolute value of the colour-singlet wave function and its derivatives that are
evaluated at zero separations. These quantities are gained by comparing the theoretical
expressions for quarkonium decay rates in the CSM to the experimental values. Once this
extraction has been carried out, the CSM has no free parameters. The CSM succeeded only
in predicting quarkonium production rates at relatively low energies. Moreover, in the case
of P-wave state production and higher-orbital-angular-momentum quarkonium states, the
CSM leads to uncancelled infrared divergences.
In , the failures of CSM motivated different approach calledColour evaporationmodel
(CEM) formulated in [CEM]. CEM is based on the assumption that every produced pair of
quark-anti-quark leads to quarkonium if it has an invariant mass smaller than the thresh-
old for production of a pair of open- lavour heavy mesons. The role of colour in selection
Figure : CEM lowest order 𝑐?̄? production in hadronic collisions through gluon fusion ( a)
which is dominant at high energies and quark-antiquark annihilation ( b). Sub-
sequently, the 𝑐?̄? pair neutralizes its colour by interaction with the collision-
induced colour field (“colour evaporation”). During this process, the 𝑐 and the
?̄? either combine with light quarks to produce charmed mesons, or they bind
with each other to form a charmonium state [QQProduction].
of quarkonia states is ignored. It means that the quark pair is not restricted to being pro-
duced in a colour singlet state, but may be produced in an octet state. The numerous soft
interactions with colour ields assures that the colour and spin are then modi ied.
As it was already mentioned in CEM the cross-section 𝜎 for the production of char-
monium is proportional to the rate of production of heavy quarks (except for the colour fac-
tor / ) in the invariant mass range between twice the heavy quark mass and the threshold,
denoted as 2𝑚 :
𝜎 = 19 𝑑𝑚
d𝜎 ̄
d𝑚 . ( )
In case of bottomium, the two D mesons have to be switched with B mesons. Dominant
Feynman diagrams of charmonium production can be found in the igure .
For any particular charmonium state the cross-section 𝜎 can be projected out from char-
monium by multiplication by a density coef icient 𝜌
𝜎 = 𝜌𝜎 . ( )
The 𝜌 parameter have to be determined from its on real data. In fact in CEM the 𝜌 should
have no dependence on p or x in the ratios of production cross-sections of various quarko-
nia. In that sense they are universal constants. The soft interactions should cause a ran-
domization of all polarisation effects. Hence the independence on 𝑝 causes the ixed ra-
tio of some charmonium states. According to CEM 𝜒(0), 𝜒(1) and 𝜒(2) production rates
through gluon-gluon fusion (see igure ) should be with respect to their spin (the two-
gluon production of charmonia is proportional to 𝛤 (2𝐽 + 1)) produced with ratio : : .
In Brookhaven [TeV], physicists measured the ratio of direct production of 𝜒 → 𝐽𝜓+𝛾 and
obtained the result 𝜎
𝜎 =
𝜒 → 𝐽/𝜓 + 𝛾
𝜒 → 𝐽/𝜓 + 𝛾 = 0.75 ( )
which differed signi icantly from expected number / . This result proved that CEM is un-
suitable for predictions of charmonia production rates at high-energies. Hence, CEM is a
phenomenological model so there is no way of calculating the higher order QCD correc-
tions that are important at the high 𝑝 regimes.
4.2.2 Soft colour interaction
The Soft colour interaction (SCI) model belongs also to the family of phenomenological mod-
els such as CEM. It was introduced to explain so called rapidity gap events in deep inelastic
scattering experiments at HERA (see [DIS]). Later it was scrutinized at hadronic colliders
(see [QQTeV]). In SCI the soft interactions are limited by a scale up to which they are taken
into account and the soft processes are affecting only colour due to the lack of possibili-
ties to deal with them in rigorous way. The events are simulated in one of the Monte Carlo
generators with only one parameter 𝑅 which has to be extrapolated from data.
In SCI a 𝑞?̄? colour octet state may transform into a colour singlet state (or vice-versa).
The SCI charmonium cross section can be derived similarly to the one of CEM model but
it has to be modi ied because of the soft processes. The cross-section for charmonia state
𝜎 can be put in very elegant way
𝜎 = 𝛤∑𝛤 𝜎 ̄ , ( )
where 𝛤 = (2𝐽 + 1)/𝑛 is a partial width. This model is in a better agreement with
available data but again it has problems in high-𝑝 regions.
4.2.3 Colour octet mechanism and NRQCD
The Colour Octet Mechanism (COM) differs from the previous models as it does not cling to
the idea that the quantum numbers of original quarks have to agree with the numbers of
inal meson. On the contrary, the quark pairs that are produced in the hard process do not
have to have the quantum numbers of inal quarkonium. They can evolve into a quarkonium
state through soft gluon radiations in the late phase of the production process.
This idea does not sound very different from SCI or CEM but it a differs signi icantly in
used “language”. The COM was the irst theory for quarkonia production mechanisms that
was rigorously formulated within a ield theory called Non-relativistic Quantum Chromo-
dynamics. The effective ield theory allows us to separate the non-perturbative and pertur-
bative parts within NRQCD which makes the calculations much more feasible.
Quarkonia are again assumed to be non-relativistic, which can be expressed in three
scales: the typical kinetic energy 𝑚 𝜈 where 𝜈 is a relative velocity that quark has in a
bound state, typical momentum transfer 𝑚 𝜈 and the quark mass 𝑚 . The energy scale is
responsible for the splitting among various quarkonium states and it can be indenti ied
with 𝛬 . The perturbative QCD usability is de ined by quark mass. The evolution of 𝑞?̄?
pair into quarkonium is determined by the momentum scale. The work in a non-relativistic
region these conditions have to be met:
𝑚 𝜈 ≪ 𝑚 𝜈 ≪ 𝑚 ( )
The relation 𝛬 is proportional to 𝑚 𝜈 from which approximate values of 𝜈 can
be separated for charmonia (∼ 0.25) and bottomonia (∼ 0.09). Very general NRQCD la-
grangian can be derived from QCD lagrangian
ℒ = ℒ + ℒ + 𝛿ℒ. ( )
The ℒ denotes
ℒ = −12𝚃𝚁 𝐺 𝐺 + ?̄?𝑖𝛾 𝐷 𝑞, ( )
where the ield strength tensor 𝐺 describes the free gluon ield and the free light quark
ields. The ℒ stands for
ℒ = 𝜓 𝑖𝐷 + ?⃗?2𝑚 𝜓 + 𝜒 𝑖𝐷 −
?⃗?
2𝑚 𝜒, ( )
where𝜓 denotes anihilation and 𝜒 denotes creation operator of heavy quark or antiquark.
The signi icant difference from QCD lagrangian is that these operators are only two com-
ponent spinors. The 𝐷 and ?⃗? terms denote the time and space components of 𝐷 = 𝜕 +
𝑖𝑔 𝐴 respectively. The 𝐴 = (𝜙, 𝐴) is a gauge ield. The 𝛿ℒ term incorporates all possible
operators that are consistent with symmetries of QCD. The leading relativistic corrections
are bilinear in the heavy quark ields
𝛿ℒ = 𝐶8𝑚 𝜓 (?⃗? ) 𝜓 − 𝜒 (?⃗? ) 𝜒
+ 𝐶8𝑚 𝜓 ?⃗? ⋅ 𝑔?⃗? − 𝑔?⃗? ⋅ ?⃗? 𝜓 + 𝜒 ?⃗? ⋅ 𝑔?⃗? − 𝑔?⃗? ⋅ ?⃗? 𝜒
+ 𝐶8𝑚 𝜓 𝑖?⃗? × 𝑔?⃗? − 𝑔?⃗? × 𝑖?⃗? ⋅ ?⃗?𝜓 + 𝜒 𝑖?⃗? × 𝑔?⃗? − 𝑔?⃗? × 𝑖?⃗? ⋅ ?⃗?𝜒
+ 𝐶2𝑚 𝜓 𝑔?⃗? ⋅ ?⃗? 𝜓 − 𝜒 𝑔?⃗? ⋅ ?⃗? 𝜒
( )
where ?⃗? is electric colour ield, ?⃗? magnetic colour ield and ?⃗? spin operator. In fact these
operators are given by relations 𝐸 = 𝐺 and 𝐵 = 𝛦 𝐺 . With the help of additional
terms, the NRQCD results can be in principle reproduced to any desired accuracy.
The total cross section for inclusive production of a quarkonia state A can be expressed
as
𝚍𝜎(𝑘𝑙 → 𝐴 + 𝑋) = 𝚍𝜎 ̄ (𝑘𝑙 → 𝑞?̄?(𝑛 ) + 𝑋) ⟨𝒪 (𝑛 )⟩, ( )
where the matrix element is de ined as
⟨𝒪 (𝑛 ) =
,
⟨0|𝜒 𝜅 𝜙|𝐴(𝜆)𝑋⟩⟨𝐴(𝜆)𝑋|𝜒 𝜅 𝜙|0⟩ ( )
which is summed over all polarisations 𝜆 and light hadrons 𝑋. The factors 𝜅 and 𝜅 spec-
i ies the quark-anti-quark pair, its angular momentum, spin and colour.
In the equation , the total cross sections is obtained as a sum over all possible quantum
numbers of states 𝑛 that contains a quark-anti-quark pair. According to the NRQCD fac-
torisation hypothesis, the cross section is a sum of short distance coef icients that describe
creation of particular 𝑞?̄? pair which is multiplied with matrix element for a given process.
Now it is obvious that the separation of non-perturbative processses from the perturbative
hard ones is possible.
4.2.4 Power counting
The colour octet matrix elements cannot be predicted within NRQCD and thus they are free
parameters of the model. This makes the NRQCD very universal. Many processes can be
calculated, including the photoproduction and DIS. But there are rules how to determine
the relative importace of such terms. This procedure is called power counting or velocity
scaling and it supposes that a general matrix element can be scaled approximately like
⟨𝒪[ 𝐿( , )]⟩ ∼ 𝜈 ( )
where 𝐸 and 𝑀 are minimum numbers of chromoelectric (𝛥𝐿 = ±1 and 𝛥𝑆 = 0) and
chromomagnetic (𝛥𝐿 = ±0 and 𝛥𝑆 = ±1) transitions that are needed to reach the domi-
nant quarkonium Fock state from the 𝐿( , ) state (the ( , ) factor denotes whether the
quarkonium is in colour singlet or colour octet state). The octet terms should be suppressed
relatively to the singlet states because of the 𝐸 and 𝑀 transition that are always needed
to get this inal state.
In NRQCD any charmonium state is de ined in a Fock space and such state can be ob-
tained with the in inite sum of contributions of states in this space. If double expansion of
𝛼 and 𝜈 is applied then it can be decided which terms from this series can be neglected and
which will contribute the most. For example a charmonium state 𝐽/𝜓 can be represented
as follows
𝐽/𝜓 =𝑂(1)|𝑞?̄?[ 𝑆 ]⟩ + 𝑂(𝜈)|𝑞?̄?[ 𝑃 ]𝑔⟩ + 𝑂(𝜈 )|𝑞?̄?[ 𝑆( , )]𝑔𝑔⟩
+ 𝑂(𝜈 )|𝑞?̄?[ 𝑆( )]𝑔⟩ + …
( )
The Colour single model demonstrated in calculations of P-wave decays in next to leading
order a divergent behaviour. The octet state provided additional Fock states and in NRQCCD
the contribution of these states solved the problem of infrared divergences. In P-wave the
leading terms of Fock state decomposition are
|𝜒 ⟩ = 𝑂(1)|𝑞?̄?[ 𝑃 ]⟩ + 𝑂(𝜈)|𝑞?̄?[ 𝑆 ]𝑔⟩. ( )
The contribution from COM to CSM singlet state is represented by a pair of 𝑐?̄? in colour
octet state and in con iguration 𝑆 to which one gluon is added. The gluon plays here an
important role as it changes the quantum numbers of the quark pair when it is emitted. This
enables an evolution into a singlet P-wave state. Note that even if the production through
colour octet is suppressed by powers of 𝜈, these octet contributions could play important
role in quarkonium production. The difference in conceptions of how to get to the singlet
state is illustrated in the igure . Both diagrams are infrared divergent but in the inal
sum they are cancelled with other divergent diagrams. Thus the NRQCD matrix elements
are incorporated in Monte Carlo generators used at ATLAS.
The NRQCD can be very well tested with high 𝑝 quarkonia that are produced at LHC. The
Figure : The production of 𝑃 (1) state in CSM (left). The same process that is possible
only in NRQCD: 𝑆 (8) to 𝑃 (1) (right). The igure was taken from [Price].
gluon fragmentation is the dominant production channel if quarkonium 𝑝 is signi icantly
larger than its mass. Such gluon is close to its mass shell, which means it is transversally
polarised. According to theory such gluon should lead to a polarised quark-antiquark pair
and this charmonium polarisation can be measured. The polarisation analyses performed
at colliders are usually transformed into measurements of the angular distribution as a
function of the polar angle with respect to the chosen spin-quantization axis. Normally it
has the form
1 + 𝛼 cos 𝜃. ( )
The parameter 𝛼 = corresponds to % transverse polarization and 𝛼 = − corresponds
to % longitudinal polarization of measured quarkonia.
In theory some parameters like the polar asymmetry 𝛼 can be expressed in terms of ra-
tios of polarized quarkonium cross sections. These ratios can be sometimes less sensitive
than the production cross sections to the theoretical uncertainties from quantities such as
the factorization scale, the renormalization scale, the heavy-quark mass, and the NRQCD
long-distance matrix elements. The polar asymmetry parameter does not give complete in-
formation about the polarization state of produced quarkonium. Its signi icance very much
depends on the the orientation of the spin-quantization axis. To determine the relevant
production mechanisms, the high-statistics measurements of 𝐽/𝜓 and 𝜒 polarizations are
needed.
Moreover the COM can be used to describe quarkonium production in other processes,
such as deep inelastic scattering or electron-positron annihilation. There exist calculations
that support the NRQCD approach by showing that NRQCD factorisation holds in NLO pro-
cesses. There are many other theories like 𝑘 factorisation approach which at high energies
describes the gluon distribution function in QCD. In the phenomenology of strong interac-
tions at high energies, it is necessary to describe the QCD evolution of the gluon distri-
Figure : The dependence of polarization parameter 𝛼 for prompt 𝐽/𝜓 production at 𝑝 in
𝑝?̄? collisions at √𝑠 = 1.96 TeV. The points are recorded data from the Collider
Detector at Fermilab (CDF), the band is the prediction taken from LO NRQCD
factorization, and the line is the prediction from 𝑘 factorization. The igure was
taken from [Alpha].
bution functions of the colliding particles starting from some scale 𝜇 , which controls the
non-perturbative regime, to the typical scale 𝜇 of the hard-scattering processes, which is
typically of the order of the transverse mass𝑚 = 𝑚 + |?⃗? | of the produced particle (or
hadron jet) with (invariant) mass M and transverse two-momentum 𝑝 . In the region of
very high energies, the typical ratio 𝑥 = 𝜇/√𝑆 becomes very small, x « . This leads to large
logarithmic contributions of the type [𝛼 ln(1/𝑥)] , which need to be resummed. This is
conveniently done by adopting the high-energy factorization scheme, which also known as
the k -factorization approach, in which the incoming t-channel gluons have a inite trans-
verse two-momentum k and are off mass shell [kT].
5 Analysis of J/Psi + photon continuum
In this section I would like to presents the results of the 𝐽/𝜓 + 𝛾 continuum analysis being
performed on the ATLAS data. This analysis is carried out for B-Physics working group
at CERN and will be later published as ATLAS Note. I present one of the irst steps taken in
studies of the charmonia states (see table ) at the ATLAS experiment. The continuum with
the 𝜒 ( P) and 𝜒 ( P) with some hints on 𝜒 ( P) charmonium states can be observed.
This work is a continuing effort to measure the cross sections of the𝜒 triplet and to further
study the continuum.
5.1 ROOT
For my analysis I chose to use ROOT which is a framework for data processing developed
at CERN. It is commonly used in high-energy physics to analyse data and perform visu-
alizations. I have reprocessed my data (see table ) into a ROOT ile which is a ile in com-
pressed binary form. The original datasets contained collections of J/𝜓 event candidates re-
constructed using the JPsiFinder algorithm. Electromagnetic calorimeter clusters and con-
version candidates were also present in the data.
For this analysis I used about pb of ATLAS data. The data were from taking
periods D, E, F , F and G. For all details see table .
I preferred the ROOT ntuple tree data structure as ROOT can work much better with huge
amounts of data that are commonly used in such analyses. These data are then usually anal-
ysed using the C++ macros.
The ROOT framework provides a number of classes, grouped into several class categories,
that can be found on the related web-page [ROOT].
I especially appreciated the RooFit library which provided me a very good toolkit for data
modeling. This package was originally released in for the BaBar collaboration and
the vast majority of BaBar results was itted using this framework. Since RooFit is
a standard part of ROOT releases. It provided me with a lexible environment for itting,
it offers more tan most frequently used basic probability density functions like Breit-
Wigner, Crystal Ball, Gaussian and many others. It also assures that the probability density
functions does not differ in structure but only in parameters.
5.2 J/Psi reconstruction
To 𝐽/𝜓 identi ication was used 𝐽/𝜓 → 𝜇 𝜇 channel which has branching fraction 𝛤 / /𝛤
= . ± . %. In general, momenta of muons can be measured by the Inner Detector
and the Muon Spectrometer. In my analysis I used information from both. The resolution
of muons with 𝑝 < GeV is very good due to a precise Inner Detector measurements of
low 𝑝 muons and the Muon Spectrometer is used for con irmation of identi ication of such
muons.
To combine the muon tracks that are reconstructed in the Inner Detector and the Muon
Spectrometer, the Muon Identification STACO software package is in place. This package
helped me to associate segments and tracks found in the Muon Spectrometer with the cor-
responding Inner Detector tracks. Hence it uses information from EM calorimeter in order
to identify muons at their production vertex with optimum parameter resolution.
An experimental measurement of 𝜒 production in hadronic collisions can offer a step
towards unique insight into the nature of charmonium hadro-production and the strong
interaction in general as I have described in previous chapters.
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Figure : The Di-muon invariant mass. 𝐽/𝜓 peak dominates the mass spectrum at
MeV and radial excitation𝜓( s) at MeV. For this analysis, mass windows of
M(J/𝜓) PDG ± MeV was used.
Study of 𝜒 production is also important to determine the contribution of the 𝜒 , that
decays through this channel (or so-called radiative decays), to the inclusive 𝐽/𝜓 cross sec-
tion. These decays are expected to account for around % to % of the 𝐽/𝜓 production in
pp collisions at the LHC. The more detailed study of 𝜒 production can offer a step toward
the extraction of the cross section for direct 𝐽/𝜓 production from the total prompt cross
section.
I applied these cuts on 𝐽𝜓:
• |𝑦| < .
• muon p > GeV
• muon 𝜂 < .
• 𝐽/𝜓 𝜒 <
• |M(𝜇 𝜇 ) − M(𝐽/𝜓(𝑃𝐷𝐺))|± MeV
Approximately 𝐽/𝜓 . x 10 candidates passed these criteria.
5.3 Photon reconstruction
There are two types of reconstructed photon data available for ATLAS: conversions and
clusters in the electromagnetic calorimeter. The electron and photon identi ication in ATLAS
relies on rectangular cuts using variables which deliver good separation between isolated
electrons and photons and fake signatures from QCD jets. These variables include informa-
tion from the calorimeter and tracker. Photons are reconstructed from the sliding window
clusters if there is no reconstructed (electron) track matched to the cluster. They are called
unconverted photon candidates, if there is a reconstructed conversion vertex matched to
the cluster they are designated as the converted photon candidates [Photon].
Concerning photons reconstructed in the calorimeter, three photon authors (algorithms)
are available:
Author x ( dec.) Photon reconstructed by standard cluster-based algorithm.
Author x ( dec.) Photon that is duplicated with electron.
Author x ( dec.) Photon reconstructed by SW CaloTopo seeded clusters.
In the igure the invariant mass spectrum of 𝜒 candidates is shown for various au-
thors.
The list of applied cuts on 𝛾:
• photon p > GeV
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Approximately 𝛾 passed these criteria.
For conversions:
• at least hits in Pixel and SCT
• conversions 𝜂 < .
• conversions p > GeV
The best results according to igure can be achieved only with the photon candidates
number that are reconstructed using the standard-base cluster algorithm. The transverse
momenta distributions of all photons and photon candidates number are depicted in the
igures and .
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Figure : The p distribution of photons candidates reconstructed by standard-base clus-
ter algorithm that I used in my analysis.
5.4 Charmonia reconstruction
Only charmonium that can be easily reconstructed in the di-muon channel is the J/𝜓 and
it’s radial excitation 𝜓( S) due to their large decay branching fraction into a muon pair.
JpsiFinder is an Athena (ATLAS data analysis framework) package which performs a ver-
tex it on a pair of muon and antimuon, it’s output are ntuples easily processed by ROOT.
Polarization of the charmonia and it’s effect on the reconstruction ef iciency is neglected.
5.5 Triggers
Di-Muon Trigger where LVL muons are con irmed by the HLT. This provides a primary
trigger for B-physics analyses such as B->mumu and B->mumuX. In this analysis it is used
to trigger channels with a charmonium in the inal state.
To determine 𝐽/𝜓 I used a di-muon topological trigger EF_ mu _Jpsimumu. This algo-
State Mass [MeV] Width [MeV] I (J ) 𝛤 / /𝛤 [%]
𝜒 ( P) . ± . . ± . ( ) . ± .
𝜒 ( P) . ± . . ± . (1 ) . ± .
𝜒 ( P) . ± . . ± . ( ) . ± .
Table : Summary of resonances observable in 𝐽/𝜓 + 𝛾 continuum.
Figure : Regions of interest and how they are selected by the EF_ mu _Jpsimumu trigger.
rithm was developed for the B-physics program at the ATLAS experiment. For ATLAS is
important to achieve a high trigger ef iciency for low-p di-muon events, keeping an ac-
ceptable trigger rate. ATLAS developed two separate approaches for triggering on di-muon
events to determine charmonium resonances such as a 𝐽/𝜓. The irst approach is to start
from a di-muon trigger selected by the LVL trigger which is the one that is used
at EF_ mu _Jpsimumu. The other is based on LVL trigger.
EF_ mu _Jpsimumu is seeded by two RoI from LVL muon trigger as it is illustrated in
the igure .
If the muon coming from the Interaction Point (IP) hast transverse momentum above a
given threshold a LVL selects these tracks. LVL trigger provides a irst estimation of the
parameters 𝜂,𝜙 and p that are corresponding to a Region of Interest (RoI). This algorithm
is hardware based and hence it takes into account energy losses in the calorimeter.
A precise understanding of the trigger ef iciency is essential for a wide range of analy-
ses, especially cross section measurements. The method of estimating the di-muon trigger
ef iciency data-driven and was based on Bayes Theorem:
𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇) = 𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇) × 𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇|𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇)𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇|𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇) ( )
where𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇|𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇) is ratio between all the events that ired the𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇
and all event that ired the𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇 and the𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇. The𝑃(𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇|𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇)
Figure : The muon trigger ef iciencies for p and 𝜂 range used in the analysis. The picture
show different ef iciencies for the p and 𝜂 × q regions. This single muon trigger
is used for di-muon trigger ef iciency calculation.
µηq*











Figure : The single muon reconstruction ef iciency.
Figure : Dependence of the EF_ mu _Jpsimumu ef iciency on the 𝐽/𝜓 candidate 𝑝 (left).
Dependence of the EF_ mu _Jpsimumu ef iciency on the 𝜇 reconstructed 𝑝
(right). The igures were taken from [Eff].
Figure : Dependence of the EF_ mu _Jpsimumu ef iciency on the 𝜇 reconstructed 𝑞.𝜂
(left). Dependence of the EF_ mu _Jpsimumu ef iciency on the angular separa-
tion 𝛥R (right). The igures were taken from [Eff].
is the ratio between all events that ired the 𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇 and the 𝑇𝑟𝑖𝑔𝑔𝑒𝑟_2𝜇 and all events
that ired the 𝑇𝑟𝑖𝑔𝑔𝑒𝑟_1𝜇.
The single muon trigger ef iciency was obtained by a standard tag and probe method.
The ef iciency of the di-muon trigger is computed as the ef iciency of two single muon
triggers with corrections, provided by the ATLAS B-Physics group which can be found in
the igure .
The ef iciency of photon reconstruction provided by the B-Physics group turned out to
be unsuitable and I will evaluate it again in the near future.
5.6 Signal modelling
The measured width of the J/𝜓 resonance is much larger than the physical width due to
the limited detector momentum resolution. J/𝜓 signal can be modelled as a Dirac func-
tion convoluted with a Gaussian, where Gaussian represents smearing due to the detector
resolution. In the case of 𝜒 , this smearing is combined with the uncertainty of the recon-
structed photon or conversion energy. The individual peaks of each 𝜒 , 𝜒 resonances are
not resolved due to the fact that distance between means of 𝜒 and 𝜒 is comparable to
the detector resolution. The most signi icant of the it is provided by following formula
𝑆 = 𝑐 .𝐺 (𝜒 ) + (1 − 𝑐 ).𝐺 (𝜒 ), ( )
where𝐺 (𝜒 ) and𝐺 (𝜒 )denotes the𝜒 Gaussian and𝜒 Gaussian. The two For some
of the results also third Gaussian for 𝜒 was used.
5.7 Background modelling
For the background modelling seemed to be the most optimal choice the Novosibirsk func-
tion which is commonly used in B-physics analysis
𝑁 = exp 𝜉 𝜉 + 1(𝑥 − 𝑥 )√2ln2
𝜎 𝜉 + 1 − 𝜉 ln 𝜉 + 1 + 𝜉
+ 𝜌 𝑥 − 𝑥𝑥 − 𝑥 − ln2 , ( )
where N is a function of 𝑥, 𝑥 , 𝜎 , 𝜉, 𝜌 , 𝜌 and for 𝑥 < 𝑥 it 𝜌 = 𝜌 and 𝑥 = 𝑥 . For 𝑥 ≥ 𝑥
is 𝜌 = 𝜌 and 𝑥 = 𝑥 with
𝑥 , = 𝑥 + 𝜎 √2ln2
𝜉
𝜉 + 1
∓ 1 . ( )
The parameters represents: 𝑥 denotes the peak position in the distribution, 𝜎 is the
parameter of the width 𝜎 = FWHM/2√2ln2, 𝜉 is the peak asymmetry parameter and 𝜌 ,
describe the extent of the left and the right tails.
It is in fact a modi ied Gaussian with an extra tail parameter that skews the Gaussian into
an asymmetric shape with a long tail on one side and a short tail on the other.
5.8 Fit results
I’ve performed a binned maximal likelihood it on the data in the J/Psi p -bins - GeV, -
GeV, - GeV and + GeV. Results can be seen on igures and in the middle row.
The variable bkg_peak, bkg_tail and bkg_width, fraction, nbkg, nsigma can be associated
with variables from the equation . First p bin was done using gaussians for 𝜒 and 𝜒
due to the lower statistics. For the rest of the results the third 𝜒 gaussian had to be added.
Systematics of the muon reconstruction and triggering can be evaluated. It is around %
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Figure : 𝜒 Mass spectra for uncorrected muons and J/𝜓, correction on J/𝜓 trigger and for














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































bkg_peaka =  514.0  0.023
±




idtha =  368.6  0.0089
±
fractiona =  0.4853  565
±
nbkga =  138460  485
±










































bkg_peakb =  517.276 
 0.39
±




idthb =  255.8441 
 0.00000
±
fraction2b =  0.08403679  0.0000042
±
fractionb =  0.7264409 
 2.7
±
nbkgb =  103552.8  2.2
±










































bkg_peakc =  455.1 
 0.00053
±




idthc =  254.2  0.0034
±
fraction2c =  0.1105  0.0062
±
fractionc =  0.7880  521
±
nbkgc =  113679  463
±








































bkg_peakd =  387.744  0.00013
±




idthd =  349.616  0.0030
±
fraction2d =  0.0974  0.0052
±
fractiond =  0.7585  268
±
nbkgd =  110806  202
±









































bkg_peaka =  514.0  0.025
±




idtha =  368.1  0.010
±
fractiona =  0.485  620
±
nbkga =  132468  538
±












































bkg_peakb =  516.5  0.022
±




idthb =  255.7  0.0034
±
fraction2b =  0.0836  0.0064
±
fractionb =  0.7264  718
±
nbkgb =  98543  691
±











































bkg_peakc =  479.2  0.0077
±




idthc =  257.7  0.0040
±
fraction2c =  0.1375  0.0063
±
fractionc =  0.7894  689
±
nbkgc =  103553  655
±









































bkg_peakd =  392.9  0.0083
±




idthd =  274.1  0.0063
±
fraction2d =  0.0665  0.0085
±
fractiond =  0.7773  548
±
nbkgd =  107898  471
±










































bkg_peaka =  514.91  0.00070
±




idtha =  367.13  0.0052
±
fractiona =  0.5003  301
±
nbkga =  149848  203
±











































bkg_peakb =  519.079  0.00028
±




idthb =  256.985  0.0013
±
fraction2b =  0.0845  0.0044
±
fractionb =  0.7272  330
±
nbkgb =  111973  285
±











































bkg_peakc =  479.2  0.0080
±




idthc =  257.9  0.0039
±
fraction2c =  0.1375  0.0058
±
fractionc =  0.7890  783
±
nbkgc =  119820  749
±









































bkg_peakd =  394.3  0.0077
±




idthd =  276.6  0.0057
±
fraction2d =  0.0665  0.0077
±
fractiond =  0.7739  602
±
nbkgd =  130747  517
±




































Run number Int. ℒ [pb ] Run number Int. ℒ [pb ] Run number Int. ℒ [pb ]
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Table : Selected runs for cross-section analysis with total integrated luminosity of
pb .
6 Conclusions
In the irst chapter of my thesis I shortly described the Large Hadron Collide. In the follow-
ing chapter the ATLAS detector is introduced and the ATLAS subdetectors are discussed
with focus on the muon system and the Inner Detector which are important for my analy-
sis.
In the third chapter chapter an overview of the particle physics and the Standard model is
presented. The historical development that led to the quark model and the Quantum Chro-
modynamics is introduced and phenomenons that are related to resonances are discussed.
In the next chapter physics related to quarkonia, their spectroscopy and various theoret-
ical descriptions of their production mechanisms channels are discussed in detail.
The last part of this thesis concerns the data analysis in the muon + photon stream which
I did on behalf of the ATLAS B-physics working group. The ATLAS data were used with
accumulated statistics of about . b . Main part of analysis is preparation for the mea-
surement of 𝜒 production cross section in the 𝜒 → 𝐽/𝜓+𝛾 decay channels for which the
evaluation of the muon trigger part is mostly inished. The cross section will be computed
as a iducial cross section with 𝑝 > Gev and |𝜂| < . .
Appendix A
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